The development of nanometer-scale lithographies is the focus of an intense research activity because progress on nanotechnology depends on the capability to fabricate, position and interconnect nanometer-scale structures. The unique imaging and manipulation properties of atomic force microscopes have prompted the emergence of several scanning probe-based nanolithographies. In this tutorial review we present the most promising probe-based nanolithographies that are based on the spatial confinement of a chemical reaction within a nanometer-size region of the sample surface. The potential of local chemical nanolithography in nanometer-scale science and technology is illustrated by describing a range of applications such as the fabrication of conjugated molecular wires, optical microlenses, complex quantum devices or tailored chemical surfaces for controlling biorecognition processes.
Introduction
The emergence of nanoscience and nanotechnology depends, at least partially, on the ability to position, manipulate and fabricate a variety of structures, materials and devices with accuracy in the nanometer-scale. It also rests on the incorporation of organic and biological molecules as active components of mechanical, electrical or molecular recognition devices. Furthermore, for progress to be made in this area it is necessary to understand the underlying science and engineering involving nanoscale structures and devices, which experimentally requires, among other things, the development of accessible, flexible and robust nanofabrication approaches. Conventional nanolithographies, i.e., those derived from optical and electron beam lithographies are either costintensive or unsuitable to handle the large variety of organic and biological systems available in nanotechnology. The above driving forces have stimulated the development of alternative nanofabrication techniques. This process started approximately in 1990 and it has given rise to the establishment of three major nanolithography methods: nano-imprint lithography, soft lithography and scanning probe-based nanolithographies. [1] [2] [3] Scanning probe microscopes, in particular atomic force microscopes (AFM), enjoy a prominent status in nanotechnology because of their ability to image at sub-10 nm resolution a wide variety of surfaces ranging from 
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The proposed approaches range from the sophisticated monitoring of attractive van der Waals forces to control atoms to the crude approach of scratching surfaces by ploughing a nanometer-sized tip; from the selective oxidation of a metallic surface to fabricate quantum devices to the thermo-plastic deformation of polymers to fabricate flash memories. However, just a few of the proposed approaches are suitable for large scale and reproducible patterning of materials. In most cases, technical requirements such as the use of ultra high vacuum and low temperatures have rendered many of these methods of little practical relevance.
Among the most successful scanning probe nanolithographies (SPL) are those based on the spatial confinement of a chemical reaction within a nanometer-size region. The region is usually defined by either a combination of the probe-sample surface geometry or the combination of the geometry and another factor that could be an external electrical field or a liquid meniscus. In particular nanometer-size water meniscus 11 have appeared as remarkable tools to either confine the lateral extension of a chemical reaction or to control the lateral diffusion of organic molecules. Given the meniscus nanoscale size, nanofabrication and nanochemistry are intimately linked in the SPL methods reviewed here.
This tutorial review aims to provide an overview of scanning probe nanolithography methods where the nanofabrication process is mediated by a local chemical reaction. In particular we discuss local oxidation nanolithography [10] [11] [12] and its generalization through the use of polar and non-polar liquids as well as other emerging methods such as dip-pen nanolithography 13 and chemomechanical patterning. 14 Those methods allow exploration of the relationship existing between nanolithography and nanochemistry. They could be integrated under the name of local chemical nanolithographies. Some of the probe-based methods are still in their infancy, i.e., the emphasis is placed on the (nano)patterning of a given region of the sample surface while others such as local oxidation have reached a higher level where fabrication and device performance are strongly emphasized. Nonetheless, all of them are in a strong development stage. In general, local chemical nanolithographies offer to the academic researcher a low-cost and versatile alternative to fabricate and investigate the properties of a large variety of organic and inorganic structures, and devices at the nanoscale. The flexibility to handle organic, biological and inorganic surfaces alike provided by local chemical nanolithographies may explain their growing acceptance in the nanoscience and nanotechnology community. Fig. 2 shows some common experimental set-up elements of SPL.
Local oxidation nanolithography
Since the inauspicious discovery of scanning probe-based oxidation 12 in the heyday of atomic-scale manipulation of surface by scanning tunnelling microscopy (STM), local oxidation nanolithography has evolved to become a useful tool to fabricate sophisticated devices for studying a variety of quantum phenomena such as coulomb blockade, quantum conductance and the like. In 1990 Dagata and co-workers modified a hydrogen-terminated silicon surface by the application of a bias voltage between an STM tip and the surface. 12 Secondary ion mass spectroscopy showed the presence of silicon oxide in the modified regions. In 1993 it was demonstrated that local oxidation experiments could be performed with an atomic force microscope. 16 This Fig. 1 Scheme of some common mechanisms to modify surfaces with scanning probe nanolithographies. Fig. 2 Main elements of an AFM dedicated to nanolithography. The present knowledge allows some similarities between local oxidation and conventional anodic oxidation to be established. The AFM tip is used as a cathode and the water meniscus formed between tip and surface provides the electrolyte (Fig. 3) . The meniscus is usually induced by the application of an electrical field, although in some cases it can also be driven by the mechanical contact between tip and sample surface. The end result is the formation of a nanometer-size electrochemical cell (nanocell) that contains about 5 6 10 4 molecules. The method to form liquid bridges is so precise that water meniscus diameters of 20 nm are easily obtained. This has lead to the reproducible fabrication of sub-10 nm structures in Si and even smaller structures in titanium films.
Local oxidation experiments were first performed on Si(111) and polycrystalline tantalum faces. Since then a large number of materials have been locally oxidized such as compound III-V semiconductors, silicon carbide, several metals such as titanium, tantalum, aluminium, molybdenum, nickel and niobium; perovskite manganite thin films, dielectrics such as silicon nitride films as well as organosilane self assembled monolayers, dendritic objects and carbonaceous films.
Silicon faces either with or without hydrogen passivation have been thoroughly modified by LON. They serve as a good model to illustrate some of the fundamental aspects involved in the local oxidation process. [16] [17] [18] [19] Voltage pulses are applied to generate an oxide dot. The dot size depends linearly on voltage strength but the dot height shows a power law dependence of the type
where c is in the 0.1-0.3 range. Voltage pulses usually change from experiment to experiment but they are in 10-30 V and 0.005-1 s range respectively.
The local oxidation process is accompanied by an extremely small current. 17, 20 The value depends on the final dot size.
Common values are in the sub-picoampere regime.
Experimental observations have shown that the current through the interface during oxidation matched the current calculated from the measured oxide volume by taken into account that four elementary charges are needed to oxidize one Si atom. This observation together with the presence of a water meniscus points out the electrochemical nature of the process. For silicon, the reactions in the nanocell are described by the following half-cell reactions. In the anode (sample surface) the oxidation takes place according to
While hydrogen generation occurs at cathode to complete the electrochemical reaction
For a metallic surface the following half-cell reaction (anode) has been proposed,
Photoemission spectroscopy on Si and GaAs have confirmed that indeed the chemical composition of the fabricated structures were silicon and gallium arsenide oxides respectively. 21 Usually heights are measured with respect to the substrate baseline, consequently reported oxide heights differs from the true oxide thickness. In Si approximately 60% of the oxide is above the substrate baseline. A feature that distinguishes local oxidation nanolithography from other scanning probe-based modification methods is that modification and imaging processes operate independently. Long range van der Waals forces and/or short range repulsive forces are used to image the surface while an external voltage is applied to induce the local oxidation of the surface. Another relevant feature is that it allows in situ control of the device electrical and topographic characteristics during its fabrication.
Local oxidation processes allow the direct fabrication of three elements, dielectric barriers, masks for selective etching and templates. The combination of those elements allows the fabrication of a wide range of electronic and mechanical devices with nanometer-scale features. [22] [23] [24] [25] [26] [27] [28] [29] In some cases LON is used in combination with other methods such as photolithography, electron beam lithography or chemical wet etching to fabricate the desired device. In those cases, the critical or most relevant features of the device are fabricated by local oxidation. The list of devices fabricated by LON is quite large, it includes data storage memories, conducting nanowires, side-gated field-effect transistors, single electron transistors, superconducting quantum interference devices, quantum points and rings, microlens, templates for the growth of biomolecules and conjugated materials and etch resistant masks.
The flexibility of LON to pattern arbitrarily shaped patterns is illustrated in Fig. 4 . Alternating insulating and semiconducting rings, arrays of dots and the first ten lines of 'Don Quixote' have been written by local oxidation.
Although one of the strengths of LON resides in the unique imaging and positioning properties of AFM, recent experiments have demonstrated that the fundamental physical and chemical processes governing local oxidation are scalable. Millimeter square regions have been patterned in a few seconds by using stamps with millions of nanometer-size protrusions, each of them acting as single AFM tip. 31, 32 Those experiments open new routes for bridging nano and macroscale devices.
Memories, optical microlens and quantum devices
It is relatively straightforward to apply local oxidation nanolithography to pattern arrays of dots that could serve as read-only memories. In particular Fig. 4a shows an array of dots with a lattice spacing 40 nm. If each dot is identify as '1' and the absence of dot as '0' the areal density of the pattern is 400 Gbits in 22 . By using single-wall carbon nanotube probes and Ti films, Quate and co-workers 22 in 1999 demonstrated an areal density of 1.6 Tbits in 22 . They patterned dots with a lattice spacing of 20 nm. We have slightly increased the above areal density by patterning interdigitated arrays of silicon oxide lines 24 with a lattice spacing down to 13 nm. Although areal densities of magnetic hard disks are about two orders of magnitude smaller (state-of-the-art hard disk drives have areal densities of about 10 Gbits in 22 ), the written rate reached in LON (y5 Kbit s 21 ) and the permanent character of oxide dots (bits) severely limit the applications for data storage. Fig. 5 shows a series of interdigitated silicon oxide lines with a length of 400 nm and a lattice periodicity of 19.5 nm.
To illustrate the degree of sophistication achieved by LON to fabricate functional nanoelectronic and micromechanical devices we will describe the fabrication process of three devices: silicon microlenses, metal-oxide tunnelling transistors and quantum rings.
One of the first nanoelectronic devices operating at room temperature was fabricated by using local oxidation nanolithography. In 1995 Snow and co-workers established the foundations to fabricate very thin tunnelling barriers by local oxidation and to use them to make transistors. This process was applied to fabricate a 30 nm-wide lateral NbO x tunnel barrier separating two Nb electrodes. The electrodes were placed on top of an insulating film (Al 2 O 3 ) with a buried gate. The transistor operates by using a gate field to modulate the transmission of electrons through a lateral/metal oxide barrier. The gate electrical field either increase (decrease) the height of the tunnel which in turns increases (decreases) the current flowing between the electrodes. 29 Several complex quantum mechanical devices have been fabricated by Ensslin and co-workers. 30 For example, they have fabricated a quantum ring on a semiconductor heterostructure (AlGaAs/GaAs) containing a two-dimensional electron gas. The oxidation produces the depletion of the electron gas underneath, which in turns, transforms a conducting region into an insulating region. Local oxidation has been used to carve the ring as well as the quantum point contacts. The current passes from source to drain and different gates are used to tune the quantum point contacts (qpc1a, qpc1b, qpc2a, qpc2b) and the current flowing through the ring (pg1 and pg2) (Fig. 6 ). After the oxidation the sample has been covered by a metallic electrode and tuned into the Coulomb blockade regime.
The current through the ring as a function of the gate voltage and the magnetic field is plotted in Fig. 6b , while the Coulomb blockade oscillations at a fixed magnetic field can be appreciated in Fig. 6c . From this plot the charging energy can be measured as E c = e 2 /C S # 190 meV, C S being the total capacitance of the ring. Gwo and co-workers have succeeded in performing quite sophisticated micromachining by LON. Very recently they have combined local oxidation and dry anisotropic etching to fabricate convex, concave and arbitrarily shaped silicon microlenses with diameters of 2 mm and a focal length of 4 mm, i.e., about one order of magnitude smaller than the ones obtained with standard techniques by using photolithography. Furthermore, Gwo's approach has the potential to fabricate lenses with a pixel size of 10 nm. Some examples of the spherical and circular silicon microlenses fabricated by local oxidation are illustrated in Fig. 7 .
Nanopatterning of self-assembled monolayers
Self-assembly, chemical functionality and nanopatterning are concepts very akin to nanotechnology, so it is not surprising to discover various approaches to modify self-assembled monolayers or to induce a selective self assembly process by LON.
33-36 Sugimura and co-workers pioneered the protocol to generated coplanar nanostructures consisting of two different types of self-assembled monolayers (SAM). 33 The two step process is illustrated by describing the generation of coplanar alkyl monolayers. The first monolayer is self-assembled on a hydrogen passivated silicon surface. Then local oxidation is performed on a selected spot of the monolayer. The oxidation removes the SAM underneath the tip. The modified region is probably terminated in OH groups, so it is ready to react with different organosilane molecules while the unmodified regions are unreactive. In the second step, the sample is immersed in a solution containing octadecyltrichorosilane (OTS). Those molecules will react with the oxidized regions which gives rise to the formation of a new self-assembled monolayer. The process admits several variations, for example, if the second organosilane has terminal amino groups, those groups could be used to bind negatively charged particles or molecules.
Sagiv and co-workers have developed a highly sophisticated approach to modify self-assembled monolayers by LON. In their approach, 35, 36 they start initially with an OTS monolayer on silicon. Then the applied voltage is tuned in such a way to oxidize the terminal groups of the first monolayer by converting the methyl groups into carboxylic groups. In the next step, a NTS (nonadecenyltrichlorosilane) treatment follows to attach another monolayer with terminal -CHLCH 2 groups on the modified parts. This generates a second highly ordered monolayer with chemically reactive terminal ethylenic functions. A further chemical treatment that involves the induced photo reaction of H 2 S with the ethylenic groups produces a thiol terminated layer. The process allows the construction of locally multiple self-assembled monolayers (Fig. 8 ).
Template growth of organic and biological structures onto nanopatterns
Developing methods that allow the deposition of small functional molecules at pre-determined positions on a substrate is one of the exciting challenges for alternative nanolithographies. In this section we illustrate the potential of LON in this topic by describing three applications, fabrication of gold patterns and nanowires onto SAM templates, patterning of proteins (ferritin) and fabrication of conjugated molecular tracks and nanowires. Nanopatterned self-assembly monolayers by LON offers a straightforward approach to introduce chemical functionality at the nanoscale and this can be exploited for the fabrication of several nanostructures such as electrodes and nanowires. To fabricate the gold wires and electrodes, Sagiv et al. immersed the modified SAM as described in Fig. 8 in a solution containing gold clusters 36 (Au 55 ). The gold clusters are attached to the thiol groups leaving the gold pattern in the regions previously modified with the AFM. The scheme of the process as well as some of the patterned gold motives can be seen in Fig. 9 . In Fig. 9c a gold nanowire connected to an electrode has been patterned. In spite of the elegance of the approach, the electrical characteristics of those wires remains to be tested, so their usefulness as wires for electron transport is still unknown.
Several protocols have been implemented for the template growth of proteins onto local silicon oxide templates. 37 There the nanopatterns were used both as positive and negative templates, i.e., molecules deposited preferentially inside (positive) or outside (negative) the patterned motives. The method requires first the formation of a thin oxide layer on the silicon surface. This is accomplished by wet-chemical etching. This step is followed by a treatment with (OTS) which produces an alkyl monolayer. Then local oxidation removes the alkyl monolayer in a selected area. A subsequent exposure to a second silane (c-APTES) produces a proteinphilic region on the local oxide that is the source of preferential interactions with the proteins. Conjugated molecular materials are some of the basic components of most planar devices in plastic electronics which are on the micron scale. Conjugated molecular wires with nanometer size features have been fabricated by a process which is based on the integration of local oxidation nanolithography of the substrate and template growth of the molecular thin film by high-vacuum sublimation on the fabricated pattern. Local oxidation is used to fabricate silicon templates made of either parallel lines or stripes. 38 Template growth of sexithiophene (T6) arises from the interplay between kinetics of growth and the preferential interactions with the patterned structures. The kinetic parameters allow the molecules to follow the contours of the growing island until they reach the silicon oxide line. The trapped charges within the local oxide generate a weakly screened long range electrostatic potential, that becomes especially relevant in the case of T6 because of its large anisotropic polarizability together with the inhomogeneous charge density distribution along the thiophene chain. This is the source of preferential, albeit not specific, interactions. The result is a monolayer film of organic molecules that conformally mimicks the features of the fabricated motives. Outside the patterned area the islands exhibit a morphology characterized by the presence of branches and fingers with no preferential orientation while the molecules grow preferentially on top of the stripes and parallel to them (Fig. 10) . Tracks or wires of 6 mm in length with narrow channels below 100 nm in width have been fabricated with this method (Fig. 10b) . 
Local chemical nanolithography
At this point it seems rather straightforward to pose oneself the question of what would happen if other liquids are used. Would it be possible to form reproducible patterns on the sample surface? Would it be possible to change the chemical composition of the formed structures? Tello and Garcia have performed modification experiments with polarizable organic solvents such as ethyl and propyl alcohols. In the case of the experiments performed with ethanol menisci, photoemission spectroscopy analysis revealed that the fabricated structures on a silicon surface were no longer oxides but showed the formation of silicon carbide and carbon sp 2 compounds.
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Frechet and co-workers have shown that operating the AFM in a liquid cell filled with n-octane gave rise to the formation of nanostructures that could be used as etch resistant resists. 40 Because the fabricated structures were not etched by HF, it was concluded that those structures were not silicon oxides. However, experiments performed in other nonpolar organic solvents such as hexadecane 41 and 1-octene 42 gave rise to structures that showed chemical and kinetic behaviour consistent with field induced oxidation in air. The above experiments reveal that on the same substrate (Si) the composition of the fabricated structure is organic solvent dependent.
Another interesting experiment that emphasized the electrochemical character of the modification process was performed by Li and co-workers. 43 A silicon tip was coated with a watersoluble metal salt. The formation of a water meniscus dissolves some little amount of salts. When a positive voltage is applied, the metal ions dissolved in the water meniscus are reduced and deposited as a metal particles on the cathode. The method was applied to form Au, Ge, Ag, Cu and Pd structures.
Successful AFM modification experiments have also been performed in inert atmosphere to avoid water meniscus formation. For example, the localized chemical activation of a protected amine surface by the application of a voltage bias between the AFM and the silicon substrate has been reported. 44 All the above experiments were performed with rather similar experimental set ups, i.e., an AFM with a voltage biased tip-sample interface enclosed in an environment control chamber. Consequently, the different modification methods discussed so far could be considered variations of a single probe nanolithography based on the spatial confinement and field-induced generation of chemical reactions. The spatial confinement could be achieved either by the formation of a liquid meniscus (nanocell) or by focusing the electrical field lines underneath the tip. In this context it fits to describe all of the above methods under the single term of local chemical nanolithography.
Dip-pen nanolithography
In 1995 Jaschke and Butt reported the deposition of organic molecules (octadecanethiols) from an AFM tip onto a mica surface. 45 This process was rediscovered and developed for nanopatterning purposes by Mirkin and co-workers. 46, 14 The method was called Dip-pen nanolithography (DPN). In DPN inks are first adsorbed on the tip of an AFM, then transferred by diffusion to a pre-selected position of the substrate. The first DPN experiment was demonstrated by patterning alkanethiol self-assembled monolayers onto gold surfaces. The combination of the flexible terminal group chemistry given by alkylthiols and the AFM nanoscale control over physical dimensions explains the remarkable expectations raised by dip-pen nanolithography. The DPN approach is illustrated in Fig. 11 .
Some proteins and DNA molecules are amenable for thiol functionalization, thus they are also suitable for DPN. Patterns of DNA have been written on gold surfaces using hexanethiol-modified nucleotides. Furthermore, the resulting patterns were hybridized to DNA-functionalized gold nanoparticles. Proteins patterns have also been formed by DPN either by using thiolate proteins or by direct deposition of proteins on pre-prepared glass surfaces. The array of retronectin proteins depicted in Fig. 12 shows potential of DPN for studying and controlling biorecognition processes.
Until now few substrates have been suitable for DPN, they include gold, silicon, silicon oxide and glass, however, the list of inks successfully deposited by DPN is growing. They include alkylthioles, organosilanes, proteins, DNA, organic dyes, dendrimers and sols among others. 14, 47, 48 The minimum feature size achieved by dip-pen is 15 nm for alkathiols inks on single-crystal gold surfaces.
The fundamental processes governing the transfer of organic molecules from the tip to the sample surface are still under debate. Mirkin et al. hypothesized that the diffusion process was mediated by the presence of a water meniscus. The formation of a water meniscus is an unavoidable fact in Fig. 11 Scheme of the dip-pen nanolithography ink deposition. contact AFM operation in ambient conditions. However, other authors have argued that hydrocarbons are essentially insoluble molecules in water, so it seems unlikely that they could be transferred via the water meniscus. 49 Furthermore, they succeeded in performing DPN experiments with octadecanethiol molecules on gold surfaces at 0% relative humidity. A remarkable observation of the diffusion process is that all the deposited molecules obey the same functional form with respect to the time, area = kt + b, where k depends on ink, temperature and in some cases humidity while b reflects the tip size/coating dependence. The above expression underlines some of the limitations of DPN. For practical reasons, imaging and deposition are performed with the same tip, thus inked tips inherently cause contamination on the surface. Another limitation is the little control of deposition rate once the molecules have been adsorbed on the tip.
Dip-pen nanolithography has also been performed with arrays of cantilevers which opens the possibility for highthroughput parallel approaches.
Chemomechanical patterning
Exerting mechanical forces by the tip is the most intuitive approach to modify a surface by an AFM. Consequently in the late 80s and early 90s many research groups reported results on scratching surfaces by AFM. However, most of those approaches have been abandoned because of poor reproducibility and tip degradation. Usually the tip is irreversible damaged (blunted) after a few modifications. Nonetheless, several groups have recently revisited this approach to patterning of surfaces. 15, [50] [51] [52] The renewed interest in using mechanical forces comes from a combination of factors. On one side, state-of-the-art AFM technology allows the modulation of forces with nN accuracy. On the other side, the use of soft layers such as self-assembled alkyl thiol monolayers as sacrificial layers allows material removal without tip degradation. Usually mechanical removal is accompanied by the deposition of selected molecules that form covalent bonds with the exposed surface, termed chemomechanical patterning. Chemomechanical patterning has the following experimental protocol. First, it requires the definition of two range of forces. Low forces, say of about 1 nN for imaging and high forces, say of about 10-50 nN for modification. Each sample has its set of threshold values. The surface to be modified either a self-assembled monolayer or a rigid substrate and the AFM tip are immersed in a fluid cell. At low forces the AFM images the surface. By increasing the force above a certain threshold, the SAM becomes disordered and adsorbates are displaced leaving the bare substrate. This is usually called nanoshaving. If the removal of the sacrificial SAM is done in the presence of another molecule solution with a higher concentration than the displaced SAM, the new molecules will be grafted onto the substrate surface. High-density alternating nanostructures of octodecanethiol and decanethiol with a periodicity of 14 nm have been fabricated on gold surfaces. 50 If the shaving of the SAM is performed in a solution containing gold nanoparticles, the nanoparticles then adsorb onto the exposed areas 50 . Deposition of organic molecules such as 1-hexadecane or 1-octanol have been obtained in hydrogenterminated silicon (111) surface. demonstration of this method was provided by generating n-alkanethiolate SAM patterns composed of regions of different chain lengths. A C 10 S-SAM matrix was written into a C 12 S-SAM matrix. This approach allows creation of surface bound, chemical gradients. 53 The only fundamental different between chemomechanical patterning and replacement is the interaction that produces the substitution, mechanical forces or voltage-induced processes respectively.
Summary and outlook
This tutorial review presents an overview of scanning probe nanolithography methods where the nanofabrication process is mediated by a local chemical reaction. In particular we have discussed the most promising methods such as local oxidation nanolithography and its generalization through the use of polar and non-polar liquids, dip-pen nanolithography and chemomechanical patterning. Those methods have a dual role, first as nanolithographies and second as new tools to perform nanochemistry research. Chemomechanical patterning and other replacement lithographies are still in an early development stage, i.e., the emphasis is placed on the (nano)patterning of a given region of the sample surface. The possible tip damage during shaving or the efficiency of the shaving process makes it hard to predict a strong impact of this method in nanofabrication, nonetheless it may find some applications, mostly in combination with other scanning probe modification approaches. Dip-pen nanolithography epitomizes some of the most remarkable features of nanotechnology, i.e., self-assembly, chemical functionality and nanoscale positioning control. The coming years seem decisive to determine whether or not all its nanopatterning potential can be converted into device functionality. Local oxidation nanolithography is the more mature of the examined probebased nanolithographies. It has reached a level where fabrication and device performance of several nanoscale mechanical, electronic and optical prototypes are strongly emphasized.
The technical requirements needed to transform an AFM devoted to local oxidation to dip-pen nanolithography or chemomechanical patterning are minimal so it would not be unlikely to find new nanofabrication approaches that combine some of the above methods.
Scanning probe nanolithographies based on the confinement of chemical reactions offer a low-cost approach for the academic researcher to fabricate sophisticated nanometer-scale devices and to investigate chemical processes at the nanoscale. Some of the above methods are expected to experience a strong expansion in the near future. Their technological implications are harder to predict. Although local oxidation and dip-pen are suitable for parallel processing, their current low throughput makes them still unattractive for large-scale nanopatterning.
